We present a novel industrial-grade prototype version of a continuous-wave 193 nm laser system entirely based on solid state pump laser technology. Deep-ultraviolet emission is realized by frequency-quadrupling an amplified diode laser and up to 20 mW of optical power were generated using the nonlinear crystal KBBF. We demonstrate the lifetime of the laser system for different output power levels and environmental conditions. The high stability of our setup was proven in > 500 h measurements on a single spot, a crystal shifter multiplies the lifetime to match industrial requirements. This laser improves the relative intensity noise, brilliance, wall-plug efficiency and maintenance cost significantly. We discuss first lithographic experiments making use of this improvement in photon efficiency.
INTRODUCTION
For modern industrial applications in metrology and lithography in the deep-ultraviolet (DUV) spectral region, the pulsed 193 nm excimer laser system is still the state-of-the-art tool [1] [2] [3] [4] . However, these systems have a low wall-plug efficiency and low photon efficiency, cumbersome usability and require an expensive maintenance program. Replacing these lasers by all semiconductor-based systems offers significant cost reduction and operating benefits for industrial and research spectroscopic applications, e.g. angle-resolved photoemission spectroscopy (ARPES) [5] . First experiments have already demonstrated the principal feasibility of this compact and high wall-plug efficiency technology on a scientific level. However the lifetime was limited to below 100 h [6] [7] [8] .
In the first section of this paper we explain the experimental setup of the industrial prototype version of the laser system and present results on the optical performance of the narrow-line 193 nm laser system realized by frequency-quadrupling an amplified diode laser. The second section discusses the high mechanical and long-term stability of this compact laser system and presents measurements on a single optical spot. To match industrial lifetime requirements, a crystal shifter multiplies the per-spot lifetime. We also discuss the service concept and the lifetime of the laser system for different output power levels and environmental conditions. The final section highlights the successful integration of the laser source in a mask aligner setup and shows first proximity lithography experiments with submicron resolution to indicate the potential in mask aligner lithography. The final section comprises a conclusion and further outlook for the reduction of size and the power scaling of the laser system to enable wider use in more applications. 
LASER DESIGN AND EXPERIMENTAL SETUP
The quest for DUV continuous-wave (CW) laser systems is hampered by fundamental laser physics: The shorter the wavelength, the more challenging is the fulfillment of the lasing criterion, see e.g. [9] . Only with pulsed excimer and nitrogen lasers, wavelengths below 375 nm are reachable by direct laser transitions. However, pulsed lasers generally lead to higher degradation of optical materials and coatings in the DUV, see e.g. [10, 11] . To enable CW emission, laser sources in the near-infrared or visible spectral range are frequency-converted in nonlinear crystals to generate light in the ultraviolet and deep-ultraviolet spectrum. Considering the cost and complexity of these laser systems, second-harmonic processes from a single fundamental source are generally favored over mixing processes between different pump lasers. The principle setup of the frequency-quadrupled laser system is shown in Fig. 1 , the technical details are explained in Ref. [6] [7] [8] . The seed laser is a TOPTICA DL pro laser system at 772 nm and a linewidth of less than 50 kHz. This laser is amplified with a tapered amplifier to about 3 W optical output power. Optical isolators protect seed and amplifier from detrimental back-reflections. There are two enhancement cavities for efficient frequency doubling. The crystal material for the first nonlinear process is lithium triborate (LBO). The crystal material for the second frequency-doubling stage is potassium fluoro-beryllo-borate (KBBF) [12] [13] [14] . To increase the lifetime of the DUV part of the system, the second cavity is filled with a protective gas mixture with a leakage rate of less than 10 -9 mbar l / s. A similar concept is used in the TopWave technology of TOPTICA's CW 266 nm laser system with more than 300 mW output power, see e.g. [15] . The laser head is incorporated into an aluminum OEM package and electronically driven by the digital controller DLC pro system, see e.g. [16] . A picture of the system mounted into a lithography development test-bench in the clean room environment at SUSS is shown on the right hand side of Fig. 1 . A careful characterization of the electrical and optical parameters of the prototype system has been performed. With an electrical input power of 60 W, we achieved maximum optical output powers of 3 W at 772 nm, 1.7 W at 386 nm and up to 20 mW at 193 nm. The linewidth at 193 nm is at the order of 100 kHz, delivering high-coherence photons for metrology and spectroscopy. The relative intensity noise of 0.22% (10 Hz to 10 MHz) offers a major improvement for noise-sensitive applications as table-top excimer laser sources show typical pulse-to-pulse power fluctuations of 1-2 %. The volume of the system shown in Fig. 1 is about 0.03 m 3 , by far smaller than conventional DUV laser systems. Using spatial filtering M 2 < 1.2 can be easily achieved. The wall-plug efficiency electron to laser photon is comparable to excimer lasers, however due to the spectral and spatial brilliance a large improvement of electron to photon efficiency on the mask is expected. No water cooling with e.g. a chiller is required.
Figure 1:
The picture on the left shows the schematic set-up of a frequency-quadrupled laser system. The picture on the right depicts the laser system integrated in a test-bench lithography system at SUSS.
In the past, the generation of CW light relying on diode and solid-state lasers for wavelengths below 200 nm has been practically inhibited by the unavailability of suitable materials, i.e., nonlinear crystals with frequency-conversion properties in the desired wavelength range. The introduction of high-quality KBBF crystals has just been closing this gap. The trade-off of this crystal is the mechanical mount, as it needs to be bonded to a CaF2 prism to couple the pump The schematic set-up is shown on the left hand side: the crystals of 1-2 mm thickness are first polished and then bonded to CaF2 prisms. This complex optical subsystem has to be mechanically mounted inside the second enhancement cavity. The crystal shifter can translate the optical subsystem to more than 40 different positions with a reproducibility of +/-1 m in operation. An OEM-grade automated crystal shift results in less than +/-50 µm deviation in 1 m distance from the laser.
LIFETIME & ENVIRONMENTAL MEASUREMENTS
The first experiments to achieve CW laser radiation around 193 nm with KBBF crystals were based on TOPTICA's scientific laser systems without crystal optics shifter [6] [7] [8] . In scientific DUV semiconductor based CW systems, the lifetime in the DUV is generally limited by the degradation of the surface and bulk volume of the optical parts of the system. This limitation is addressed by crystal and/or optical component shifters to move the critical optical elements through the laser beam after a certain number of operating hours, see e.g. TOPTICA's TopWave OEM system at 266 nm [15] . The lifetime of the newly developed industrial grade 193 nm DUV system with shifting options was investigated for different output powers and at different temperatures, see Fig. 3 . Figure 3 : Time dependence of the actively stabilized output power for 10 mW (left) and for 1 mW (right). We estimate typical lifetimes without optics shifters to be up to 200 h for 10 mW and more than 500 h for 1 mW output power. The build-in shifter for the prism-coupled KBBF device multiplies these lifetimes.
On the left hand side of Fig. 3 , an output power of 10 mW at 193 nm was chosen to investigate the lifetime for higher optical output powers. The output power is actively stabilized via the pump laser power at 772 nm and hence the power at 386 nm for the frequency-doubling stage to 193 nm ("PowerLock" function). Even at 10 mW, a lifetime of up to 200 h can be achieved before the regulated power at 386 nm reaches its maximum of 1.7 W. Multiplied with an estimated number of 30-50 spots, a total lifetime of 5.000 h to 10.000 h is in reach. Reducing the output power to 1 mW (Fig. 3,  right) , lifetimes of more than 500 h per spot can be achieved. The degradation mechanism -most likely of the bonding interface between CaF2 and KBBF -is currently under investigation. An improvement will pave the way for even higher power laser systems. The temperature dependence in operation is shown by the green curve on the right-hand side of Fig. 4 : The power stabilization mechanism can control the output power over the typical temperature range in a semiconductor fab environment. The system can generally be operated within a temperature range from 15 to 30 °C. To investigate the mechanical robustness of the system for transport, it was twice transported from Munich to Neuchâtel for measurement campaigns. The particular behavior of the spot positions was verified in both cases, no deviations from the initial positions were observed. Using the push-button "AutoAlign" function to automatically align the beam steering between diode laser, amplifier, first and second frequency-doubling stage of the system, the initial operating conditions could be restored. Concerning a service concept for long lifetime operation, we envisage field-replaceable units such as the second cavity containing the KBBF crystal, a tapered amplifier module, a laser diode module and a first cavity module. The service interval will depend on the optical power and is different for the individual modules. The laser-diode module and the tapered amplifier can principally be combined in a compact master-oscillator power-amplifier module [19, 20] .
EXPERIMENTAL RESULTS LITHOGRAPHY
The wavelength of 193 nm is compatible to the photolithography technology developed for the ArF excimer laser, especially the photoresist chemistry tailored to work in the specified illumination regime. Mask-aligner lithography is a microfabrication technique used in research and production to transfer a mask pattern to a photoresist-coated substrate. Mask and wafer are arranged in close proximity or in contact to achieve full-field structuring with a modest resolution at low costs and high flexibility. The spatial resolution of the printing process in mask-aligner lithography can be improved by introducing a light source with a reduced wavelength. Today's state-ofthe-art ArF excimer lasers at 193 nm are operated at a pulsed regime [1] [2] [3] [4] and are generally complex and expensive. Additionally, they require corrosive and large-volume gas mixtures at high pressures and voltages exceeding 40 kV for high-power operation. Frequent maintenance, including gas exchange and electrode replacement, is required. Moreover, in the DUV, feasible optical materials are restricted to crystalline calcium fluoride (CaF2) and UV-grade fused silica [10] . The formation of color centers emerging from the high peak power levels in pulsed operation leads to a degradation in transmittance over time in such materials [11] . Thus a CW system is generally preferred. As a first proof-of-principle of the new CW laser system at 193 nm, we present lithographic results with an amplitude mask fabricated from UV-grade fused silica, see Fig. 4 . Although the proof-of-principle results are shown for print fields of 1 cm 2 the technology is not limited to such small fields and can be applied to full-field mask-aligner lithography. For these first investigations an optical output power of 7 mW was sufficient to obtain a useful exposure time. The high spectral and spatial brilliance of the semiconductor laser source principally enables a higher photon efficiency than for the excimer laser, thus a lower degradation of the optical materials is expected. However, for industrial lithographic applications output powers > 100 mW are required. The first results in Fig. 4 demonstrate a minimum feature size smaller than 375 nm for amplitude masks. Using phase masks, the full potential of the new laser source will become even more prominent and a further extension using concepts of Advanced Mask Aligner Lithography (AMALITH) [4, 18] for resolution enhancement is feasible.
CONCLUSION & OUTLOOK
Using the unique capabilities of the nonlinear crystal KBBF, we were able to generate DUV CW radiation around 193 nm using a photon efficient all-solid-state prototype laser system for industrial applications. The output wavelength was generated by two consecutive second-harmonic processes starting from a 3 W amplified diode laser-based pump source at 772 nm. Compared to the gold standard ArF excimer laser, our system has a high photon efficiency with excellent photon brilliance (linewidth at 193 nm around 100 kHz, M 2 < 1.2), an ultralow relative intensity noise of 0.22 %, and is very compact (0.03 m 3 ). The characterization of our setup showed long-term operation at 1 mW and 10 mW, which can be multiplied to 5.000-10.000 h using crystal shifter technology. The maximum short-term output power was 20 mW. To increase the output power to 20-50mW, further research and development is needed to address the homogeneity of the KBBF/CaF2 interface and improve the regularity and the lifetime of the individual crystal spots. This technology paves the way to reach industrial standards of these formerly scientific systems, as advanced functions like "PowerLock" and "AutoAlign" will allow future push button operation. For low output power levels and on timescales of up to 5.000-10.000 h, the second enhancement cavity unit containing the KBBF crystal has to be replaced. A service concept for other field-replaceable units like the amplifier module, the diode laser and the first cavity can be easily developed and implemented. We also demonstrated a proof-of-principle experiment the suitability of a 193 nm CW diode laser as a light source for high-resolution mask-aligner lithography. The optical performance is comparable to prevalent excimer light sources in the DUV, while the CW operation of our light source features an improvement in ease of implementation, source stability, and thermal heat load. The necessary illumination system incorporating the DUV laser light source was discussed. In addition, in soft contact we demonstrate resist structures (lines and spaces) with minimum feature size of 375 nm with a binary mask. The benefits of such CW sources for industrial applications in terms of relative intensity noise, brilliance, wall-plug efficiency, and maintenance expenditures were discussed, they offer significant advantages compared to today's ArF excimer pulsed technology. The high photon efficiency and the CW operation will lead to longer lifetimes for all optical components in the DUV part of the lithography system compared to excimer based systems. For metrology applications, the current power output levels are already sufficient for industrial applications due to the high brilliance of the laser system. This compact and robust laser source can be improved in the future: using a miniaturized pump laser module at 772 nm, the size is further reduced, the robustness increased and such modules can potentially be replaced in the field [19, 20] . Improving the bonding of the KBBF to the CaF2 prisms, we can significantly increase the optical output power beyond 20 mW. Introducing such improvements, also optical lithography relying on CW DUV lasers might be within reach. However, the full potential of the laser system will become visible for modern lithography using not only amplitude but phase masks [18] . Increasing the power level to 100 mW and beyond will require more complex frequency mixing processes using different crystals and high-power pump fiber lasers to achieve an efficient frequency conversion process. For pulsed operation, up to 300 mW at 193 nm have already been achieved, see e.g. [21] .
